Abstract. A multi-messenger approach with gravitational-wave transients and high-energy neutrinos is expected to open new perspectives in the study of the most violent astrophysical processes in the Universe. In particular, gamma-ray bursts are of special interest as they are associated with astrophysical scenarios predicting significant joint emission of gravitational waves and high-energy neutrinos. Several experiments (e.g. ANTARES, IceCube, LIGO and Virgo) are currently recording data and searching for those astrophysical sources. In this report, we present the first joint analysis effort using data from the gravitational-wave detectors LIGO and Virgo, and from the high-energy neutrino detector ANTARES.
Introduction
With the construction of the ANTARES neutrino telescope ( Aguilar et al. (2011a) ) in the Mediterranean Sea and IceCube at the South Pole, together with the interesting sensitivity reached by the LIGO ( Abbott et al. (2004) ) and the Virgo ( Acernese et al. (2008) ) detectors, the multi-messenger astronomy with gravitational waves (GW) and high-energy neutrinos (HEN) is entering a very promising era.
ANTARES is an array of 12 strings spaced over an area of 0.1 km 2 , each one holding 75 optical modules. The main goal of the experiment is to search for HEN of astrophysical origin (i.e, with energies > 100 GeV) by detecting the Cerenkov photons produced by relativistic muons induced by neutrino charged current interaction in the vicinity of the detector. The detector was completed on May 30, 2008 but it started recording data in an incomplete configuration since Jan 30, 2007.
The US project LIGO and European Virgo are Michelson-Morley interferometers, using a very sophisticated technology to measure any variation in the arms length due to the passage of GWs, which are a ripples of space-time caused by accelerating masses. LIGO and Virgo follow the similar operational design but include differences in the arm length for instance (4 km for LIGO and 3 km for Virgo). The interferometer is maintained on the nominal working point where the light beams from each arm interfere destructively, i.e the dark fringe. If a GW passes through the detector it produces a differential strain between the two arms, and hence a change in the phase shift between beams at recombination. This small perturbation results in a fluctuation in the light power after recombination which is converted into the GW strength or strain with h strain = 2∆L/L, where ∆L is the change in separation of two masses at distance L. Those detectors have reached their initial sensitivity and are currently being upgraded to improve their sensitivity by one order of magnitude.
A working group gathering people from the network of experiments ANTARES, IceCube, LIGO and Virgo study the connections between GWs and HENs emitted by astrophysical phenomena such as gamma-ray burst. In Sec 2 we discuss the GW and HEN joint search strategy and in Sec 3 we describe the analysis of the first combined 2007 data sample from ANTARES (5L), LIGO (S5) and Virgo (VSR1). 
Time search window
Gamma-Ray Bursts (GRBs) are a promising class of extragalactic joint sources of GW and HEN. GRBs are commonly explained by invoking jets of relativistics particles ejected by a yet-to-be-determined "central engine(s)". The observed gamma-rays result from the decay of shock accelerated electrons in the jets. Similarly HENs are expected to be produced by accelerated protons in the same relativistic shocks. The astrophysical systems mentioned as possible central engines are coalescing binaries involving black holes and/or neutron stars or the collapse of massive spinning stars, both expected sources of GW. GRBs provide an interesting astrophysical scenario where the delay between GW and HEN emissions can be characterized. A conservative estimate of this delay determines the baseline duration over which GW and HEN are declared in coincidence. A statistical estimate has been obtained in ( Baret et al. (2011) ). In this article, the authors considered the durations of the different emission processes from GRBs (see Fig. 2 ), mainly observed by BATSE, Swift and Fermi LAT to infer the size of the time search window. This leads to an upper bound on the size of the time search window. The latter is ∆t GW +HEN = [−500s, +500s] which is conservative enough to encompass most theoretical models of GW and HEN emissions for GRBs.
Angular search window
The angular search window (ASW) is the error distribution of the HEN direction, β, where β=|θ Fig. 3 right illustrates the angular resolution as a function of the log-energy. The angular resolution is limited by the detector geometry and by the propagation characteristics of the Cerenkov light in the medium (i.e., photon scattering and absorption). For the cuts defined for this analysis (see Sec. 3.1), the angular resolution is about one degree for events reconstructed with three lines and more above 100 TeV and of 2.5 degrees at low energies. For events reconstructed with two lines, it ranges from about 2 to 3 degrees.
The radius used for the joint analysis is defined as the 90% quantile of β (denoted ASW 90% GW +HEN ). The value of this radius is calculated in bins of the reconstructed declination and in bins of number of hits used in the reconstruction. The distribution of β is fitted by a log-normal distribution on an event-by-event basis (see Fig. 3 ).
The coincidence search strategy is as follows: we first select a set of HEN candidates by applying the procedure and cuts detailed in Sec. 3.1 and estimate for each candidate its time of arrival, its ASW and the parameters of the corresponding log-normal fit. These parameters are fed to a search pipeline which tests the presence of a coincident GW signal consistent in time (i.e., within the time coincidence window defined in Sec. 2.2.1) and direction (i.e., within the angular search window defined in Sec. 2.2.2). In practice, we use the so-called X-pipeline ( Sutton et al. (2010) ) algorithm to search coherently the GW data and scan the sky area centered at HEN sky location within a radius ASW 90% GW +HEN (see Sec. 3.2) . At this point, it is interesting to note that ASW 90% GW +HEN is comparable in size to the typical GW error box (obtained when reconstructing the source direction from the triangulation of GW data).
3 Data analysis of ANTARES 5L-LIGO/Virgo S5/VSR1 data set
Selection of the high-energy neutrino candidates
The ANTARES neutrino telescope recorded data from January 1st to December 3rd 2007 with 5 lines. The data sample used in this analysis covers the period between 1st January and 30 September, 2007, as it overlaps with LIGO S5 and Virgo VSR1. These data are sampled using several selection criteria, trigger levels and selection cuts, used to discard the background present at the ANTARES site. Trigger decisions are based on the calculations done at three levels. The first level of trigger is a simple threshold of about 0.5 photo-electron (pe) Fig. 3 . Left: The error distribution on the neutrino direction for declination between -20 and -10 degrees for event with 7 hits along with its log-normal fit. Right: The angular resolution for ANTARES 5L data represented as function of the true neutrino energy, for events reconstructed with exactly 2 lines (red curve) and for events reconstructed with 3 lines and more (black curve).
equivalent charge applied to the analog signal of the photo-multiplier tubes ( Ageron et al. (2007) ). The second level trigger is based on coincident hits in the same storey within 20 ns, and hits with large charge (greater than 3 pe or 10 pe depending on the detector configuration). The third level evaluates the characteristics of the hits from the second trigger level. The track reconstruction is based on the χ 2 -minimization approach implemented in the track reconstruction algorithm ( Aguilar et al. (2011b) ). Events are identified as sets of hits (direct Cerenkov photons) in a time window of 2.2µs ( Aguilar et al. (2011c) ) over the full detector. For the background estimation, various samples of neutrinos and atmospheric muons were simulated and used for data vs. Monte-Carlo comparisons. Various parameters are used to select up-going neutrino candidates and reject physical background (i.e. atmospheric neutrinos and down-going atmospheric muons that are misreconstructed as up-going). Those include the χ 2 of the best fit track, the number of hits used in the fit and the estimated direction of the reconstructed track. For this analysis we define two cut values on the χ 2 depending on the track direction, i.e χ 2 ≤ 1.8 when θ ≤80
• and χ 2 ≤ 1.4 when 80
• where the contamination from down-going muons is higher (see Fig. 4) . The values of the χ 2 cuts were optimized based on the maximization of the model discovery potential according to a standard E −2 spectrum ( Becker (2008) ). With these cuts around 20% of contamination from atmospheric muons remains in the final selected sample.
After applying the set of selections exposed in the previous section, a sample of 216 neutrino candidates is selected. Each candidate is defined by its arrival time t HEN in the detector, its direction (δ HEN , α HEN ) and the radius ASW 90% HEN . The distribution of selected HEN candidates is in good agreement with the expected distribution of (upward-going) atmospheric neutrinos. A small fraction of the HEN candidates may however be of cosmic origin and this can be determined by the detection of a GW counterpart as discussed in the next section.
Searching for gravitational waves associated with high-energy neutrinos
The GW data used in this analysis were collected during LIGO Virgo S5 VSR1. Combined with ANTARES 5L this yields ∼103 days of lifetime. We used the so-called X-pipeline algorithm ( Sutton et al. (2010) ) to search for unmodelled GW bursts (duration ≤ 1 s) in association with each of the selected 216 HEN candidates. For this analysis the circular polarization of the impinging GW is assumed. The 1000 second duration data segments around the HEN trigger time t HEN defines the "on-source" segments. The "on-source" data from all available GW detectors are searched coherently over the sky region identified by the ASW 90% GW +HEN (see Sec. 2.2.2). The same analysis is applied to two "off-source" segments (3 hour duration) surrounding the "on-source" region.
The X pipeline estimates the significance of each GW candidate event detected in the "on-source" by computing the rate of occurrence of a similar transient in the "off-source" segments. The list of final candidate events is subjected to additional checks that may result in vetoing events overlapping in time with known instrumental or environmental disturbances ( Abbott et al. (2010) ). The first joint GW and HEN analysis is complete and is currently under internal review. The final results will be published in an article in preparation. We could however estimate the search sensitivity for various emission models. As stated earlier, coalescing binaries of neutron stars are of particular interest for this study as they may be associated with the release of GRBs. We estimated the distance reach for those sources to be ∼ 8 Mpc (inferred from GW data only). Using typical assumptions on the HEN production in association with GRB, we obtain a similar distance reach (for at least one neutrino observed by ANTARES). We conclude that the distance reach of the joint search is of the same order.
